Abstract: An efficient method for the synthesis of various secondary amines through a titanium(IV)isopropoxide-mediated reductive amination reaction of ketones is reported. Thus, a series of different ketones and amines were involved leading to the expected products in moderate to excellent yields up to 98% in numerous cases. The mechanistic rationale of this reaction has been demonstrated through 1 H and 13 C NMR experiments and occurs exclusively via the formation of a transient imine species.
INTRODUCTION
and benzylamine 2 as test substrates under various experimental conditions. Amines are important synthetic targets because of their versatile utility as medicinal or agrochemical agents [1] [2] [3] [4] [5] [6] [7] [8] [9] . In the last ten years, numerous different methods [10] have emerged for the preparation of amines such as hydrogenation [11] [12] [13] [14] , hydrosilylation of imines or imine derivatives and also nucleophilic 1,2-addition of organometallic reagents to the C=N double bond [15] [16] [17] [18] . Reductive amination of carbonyl compounds is a very important and powerful tool for chemists to target the synthesis of primary, secondary or tertiary amines. Some reducing agents are known to be available for this tandem reaction. Particularly, the utility of sodium cyanoborohydride is well recognized due to its versatility and compatibility [19] [20] [21] . Nevertheless, this reducing agent is highly toxic and the reaction requires up to a fivefold excess of amine. Although sodium triacetoxyborohydride has been developed as a non toxic substitute, there is still a need for a new safe and efficient method for direct reductive amination with a wide range of applicability [22] [23] [24] [25] [26] [27] [28] [29] . In this context , the ability to prepare a large number of synthetically useful and pharmacologically active compounds either by traditional or high throughput methods is becoming increasingly important. Recently, Bhattacharyya reported the reductive alkylation of ammonia and methanolic methylamine with aldehydes and ketones using Ti(Oi-Pr) 4 -NaBH 4 reagent system [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . In this case, this chemoselective reaction allows the synthesis of various primary and symmetrical secondary amines in good yield of up to 92%. Nevertheless, no extension of this work to different amines was described to date. Herein, we wish to report an efficient method for the synthesis of various secondary amines through a titanium(IV)isopropoxidemediated reductive amination reaction of ketones.
First of all, it clearly appears that the best results were obtained using polar solvents such as MeOH or i-PrOH leading to the formation of the expected amine 8 in 98 and 87% yield, respectively ( Table 1 , entries 1-2). Performing the reaction in CH 2 Cl 2 , CHCl 3 , Toluene and THF led to poor results (yields varying from 23 to 51%) ( Table 1 , entries 3-6). Influence of the nature of the titanium source involved was also taken into consideration and chemical yields variations from 66 to 82% were encountered ( Table 1 , entries 7-9). Due to its low price and facility to handle, Ti(Oi-Pr) 4 was used in our following investigations. Variation of the amount of amine from 1 to 3 equivalents was also taken into consideration, increasing the yield from 66 to 98% (Table 1 , entries 1, 10-11).
Under the best experimental conditions ( Table 1 , entry 1), we have envisioned the use of numerous different amines in the titanium reductive amination of acetophenone. Results were summarized in Table 2 .
Whatever the considered amine, the expected product was obtained in chemical yields varying from 33 to 98%. Thus, benzylamine, ethylene diamine and spermine afforded the desired product in quantitative yield and of excellent purity, demonstrating the generality of this reaction since mono, diamino or polyamino compounds are involved ( Table 2 , entries 1-9). The lowest result has been obtained using ammonia in a 1M methanol solution and the product has been only isolated in 33% yield (Table 2, entries 4). Nevertheless, this reaction has not been optimized and this modest result can be explained by the gaseous nature of the considered amine.
RESULTS AND DISCUSSION
In the context of our studies, we have investigated the mechanism of such a reaction. Indeed, to date, no demonstrated mechanism has been reported in literature. Thus, considering the nucleophilic property of amines, only a plausible mechanism has been proposed including a nucleophilic attack of the amino group to a carbonyl compound activated by a Lewis acid (Scheme 1) [34, 39] .
Initial experiments for the titanium(IV) reductive amination of ketones were performed using acetophenone 1 In this case, the reaction may proceed through the titanium complex 5 which could be either reduced directly or via a transient imine species. In order to conclude on the real nature of the species involved in such a reaction, 1 H and 13 C NMR experiments were performed. In 2 mL of CDCl 3 under argon were placed a mixture of acetophenone (0.4 mmol), titanium(IV)isopropoxide (0.52 mmol) and benzylamine (1.2 mmol). This reaction mixture was allowed to be stirred at room temperature for 2 hours and subjected to 1 H and 13 C NMR experiments. A detailed study of these experiments has been realized and the results reported in Fig. (1) . First of all, acetophenone has been totally consumed and the major product formed appeared to be the trans imine 3a even if the presence of the minor cis isomer 3b can be noticed (ratio 3a/3b : 96/4). These compounds have been fully characterized by 13 C NMR spectroscopy analysis displaying two methyl signals at 15.63 ppm (3a) and 28.94 ppm (3b), two methylenes at 55.46 (3a) and 56.92 (3b) ppm and two signals attributed to the C=N group at 165.89 (3a) and 169.82 (3b) ppm. On the other hand, we have not been able to notice the formation of the postulated titanium complex intermediate 5 and we can reasonably supposed that the reaction mechanism occurs exclusively via the transient imine species 3a and 3b. Under the best experimental conditions, this study has been extended to a series of different ketones using benzylamine as test substrate. The results are summarized in Table 3 .
allylamine derivative in 82% yield without formation of detectable by-products (Table 3, entry 9 ). This methodology has been successfully applied to the synthesis of two important different products. The first compound 30 possessing potential action against calcium receptors and which has been successfully used in therapy of disorders of calcium metabolism [42] is prepared in a one step synthesis from 1-naphthyl methyl ketone 28 and (R)-phenylethylamine 29 in 73% yield and 80% diastereomeric excess (Scheme 2).
Aromatic ketones led to the formation of the desired compounds in excellent yields varying from 83 to 98% depending on the nature of the considered ketone ( Table 3  entries 1-3) . Whatever the aliphatic ketone considered, the expected product was obtained in chemical yields of up to 98% ( Table 3 , entries 5-6, 10-12). Nevertheless, conjugated ketones such as cyclohexenone and methylvinyl ketone do not afford the expected amines derivatives leading exclusively to the formation of polymers ( An efficient method for the synthesis of various secondary amines through a titanium(IV)isopropoxidemediated reductive amination reaction of ketones in moderate to excellent yields up to 98% has been reported. A mechanistic rationale has been proposed involving the formation of a transient imine species. Moreover, the synthesis of two biologically active products has been realized probing the usefulness of such a synthetic method.
[ All solvents were purified according to reported procedures, and reagents were used as commercially available. Toluene, tetrahydrofuran (THF) were distilled from sodium/benzophenone ketyl immediately prior to use. CH 2 Cl 2 was distilled from P 2 O 5 prior to use. Ethylacetate and petroleum ether (35-60°C) were purchased from SDS and used without any further purification. Column chromatography was performed on SDS silica gel (70-230 mesh). 1 H NMR and 13 C NMR spectra were recorded on a Bruker AC 300 spectrometer working at 300.00 MHz and 75 MHz, respectively (the usual abbreviations are used: s: singulet, d: doublet, t: triplet, q: quadruplet, m: multiplet). Tetramethylsilane was used as internal standard. All chemical shifts are given in ppm. All products were characterized by their 1 H, 13 C NMR spectral data and compared to reported values in literature.
1-Phenylethylamine 11
Purification by column chromatography (silica gel; ethyl acetate/petroleum ether, 50:50) afforded a clear oil in 33% yield; - 1 A mixture of the ketone (2 mmol), titanium(IV)-isopropoxide (738 mg, 2.6 mmol) and the desired amine (6 mmol) in absolute methanol (5 mL) was stirred under argon at room temperature for 5-6 hours. Sodium borohydride (75 mg, 2 mmol) was then added at 0ºC and the resulting mixture was stirred for an additional 2 hours. The reaction was then quenched by adding water (1 mL). Stirring was maintained at room temperature for 20 minutes then the reaction mixture was acidified with hydrochloric acid (1M, 5 mL). After filtration over a pad of Celite washing with water and ethylacetate, the organic layer was separated and the remaining aqueous layer was extracted once with ethylacetate. The acidic aqueous extracts were treated with aqueous sodium hydroxide (NaOH 10%, 5-10 mL) to pH 10-12 and extracted with ethylacetate (20 mL x 3). The combined organic extracts were dried over Na 2 SO 4 , filtered and concentrated in vacuo to afford the expected crude amine which was purified by flash chromatography on silicagel.
